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ABSTRACT 

The f a b r i c a t i o n  problems and device c h a r a c t e r i s t i c s  of 

Ge-GaAs and ZnSe-GaAs he tero junc t ions  are being s tudied .  

Heterojunction t r a n s i s t o r s  of nZnSe-pGaAs-nGaAs are de- 

sc r ibed .  The nZnSe emitter i s  e p i t a x i a l l y  grown upon (Ill) o r  

(100) n-type G a A s  c o l l e c t o r  material. The G a A s  base region i s  

formed by d i f f u s i n g  z inc  through t h e  grown ZnSe i n t o  t h e  GaAs .  

The e f f e c t s  of emitter i n j e c t i o n  e f f i c i ency ,  base  t r a m p o r t  

f a c t o r ,  and c r y s t a l  o r i e n t a t i o n  on common-emitter cu r ren t  ga in  

are presented. ZnSe-GaAs emitter-base current-voltage charac- 

terist ics are dominated by space charge flow i n  the  high resis- 

t i v i t y  ZnSe emi t t e r .  Current ga ins  as high as 35 have been 

observed. The ga in  increases  with i n j e c t i o n  level and with 

increase  of t h e  ZnSe r e s i s t i v i t y .  Decreased base  widths, i n  

t h e  range 2 pm t o  0.2 pm, a l s o  g ive  improved cu r ren t  gain.  

gain is  low when (100) ZnSe-GaAs i n t e r f a c e s  are used. 

The 

Heterojunction s o l a r  cel l  performance ca l cu la t ions  are a l s o  

discussed. It is  suggested t h a t  a he teroface  s t r u c t u r e  might 

improve t h e  performance of a G a A s  np s o l a r  cell .  



1, INTRODUCTION 

During the  p a s t  few years  r e p o r t s  on he te ro junc t ion  t ran-  

s i s t o r s  have appeared i n  t h e  l i t e r a t u r e .  These devices make 

use of a l a r g e  band-gap semiconductor emitter (n type) and a 

smaller band-gap base  and c o l l e c t o r  semiconductor. The d i f -  

fe rence  i n  band-gap appears as an energy b a r r i e r  i n  t h e  valence 

band which prevents reverse  hole  i n j e c t i o n  from a p-type base  

i n t o  an n-type emitter and thereby increases  t h e  e l ec t ron  in- 

j e c t i o n  e f f i c i ency  of t h e  emitter over t h a t  of a homojunction 

t r a n s i s t o r  wi th  comparable emitter doping l e v e l s  (Kroemer 1957). 

Thus, high-gain t r a n s i s t o r  performance can be expected with the  

r a t i o  of t h e  emitter doping level t o  base doping level much less 

than requi red  f o r  a homojunction t r a n s i s t o r .  

may be  expected t o  give b e t t e r  frequency response and reduce e m i t -  

ter crowding. 

Increased base  doping 

I n  t h e  he te ro junc t ion  t r a n s i s t o r s  f ab r i ca t ed  t o  da t e  (CdS/Si, 

Brojdo 1965; CdS/Si, Zuleeg 1966; G a A s / G e ,  Jadus and Feucht 1969; 

ZnSe/Ge, Hovel and Milnes 1969) t h e  b e s t  cu r ren t  gains tend t o  be  

i n  t h e  range 10-50. 

components of emitter cur ren t  caused by i n t e r f a c e  states o r  de fec t s  

near t h e  i n t e r f a c e .  

f a b r i c a t i o n  problems such as masking and contac t  technology have not 

been solved and so no attempts have been made t o  create s t r u c t u r e s  

that might be expected t o  have high frequency response. 

shows t h a t  i f  contac t  and o the r  f a b r i c a t i o n  problems can be  solved, 

he te ro junc t ion  t r a n s i s t o r s  could have about t w i c e  t h e  frequency 

response of a homojunction t r a n s i s t o r  of comparable dimensions 

(Ladd and Feucht, 1970). Another reason f o r  i n t e r e s t  i n  hetero- 

j unc t ion  s t r u c t u r e s  i s  t h a t  t h e i r  o p t i c a l  p rope r t i e s  should be 

d i f f e r e n t  than t h a t  of homojunctions, because of t h e  window e f f e c t  

for photons of energy between t h e  energy gaps of t h e  two semicon- 

duc tors .  

The gain appears t o  be  l imi t ed  by de fec t  

I n  t h e  p re sen t  state of he te ro junc t ion  research, 

Analysis 
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2. ZnSe-GaAs NETEROJUNCTION TRANSISTORS 

2 . 1  Fabr ica t ion  

S ingle-crys ta l  l aye r s  of ZnSe doped with G a  were e p i t a x i a l l y  

grown upon (111)B and (100) o r i en ted  n-type GaAs s u b s t r a t e s  using 

an H C 1  close-spaced t r anspor t  process (Hovel and Milnes 1969a). 

The grown ZnSe l a y e r s  were from 2 t o  6 microns th i ck  with resis- 

t i v i t i e s  about 10 ohm-cm. The r e s i s t i v i t y  w a s  high because t h e  

growth temperature (64OOC) allowed Zn vacancy acceptor c rea t ion  

which compensates most donors. The ZnSe r e s i s t i v i t y  w a s  reduced 

t o  a lower level by d i f fus ing  z inc  through i t  during t h e  base  

f a b r i c a t i o n  s t e p  which fol1owed.p-type base regions i n  the  G a A s  

were formed by d i f f u s i n g  z inc  from the  vapor phase through a 

p ro tec t ive  500-1000A S i 0 2  l a y e r  through grown ZnSe i n t o  t h e  

1 -5~10 '~cm-~  (Sn o r  Te) n-type subs t r a t e -co l l ec to r  G a A s .  

s i o n  was  a t  625"C-7OO0C f o r  t i m e s  of 5 t o  30 minutes, a f t e r  which 

t h e  he te ro junc t ion  sample w a s  quickly quenched t o  room temperature 

t o  prevent any Zn outd i f fus ion  which would inc rease  t h e  ZnSe re- 

s i s t i v i t y .  

lowers t h e  ZnSe r e s i s t i v i t y  from 10  ohm-cm t o  10 ohm-cm. The 

Si0 

and t o  Zn outd i f fus ion  during quenching. 

a t tacked  by e i t h e r  t h e  growth process o r  t h e  Zn d i f fus ion  and pro- 

v ides  f o r  p lanar  base regions. The quenching process does no t  

crack t h e  ZnSe l a y e r s  unless they are more than 4 microns th ick .  

The Zn concentration i n  t h e  G a A s  a t  t h e  emitter s i d e  of t h e  

6 

0 

Diffu- 

This process y i e l d s  base  widths from 0.1 t o  1.0 pm and 
6 3 

l a y e r  acts both as a mask t o  Zn ind i f fus ion  during d i f f u s i o n  

The GaAs  su r f ace  is  not  
2 

18 -3 base ranged from 1017-10 c m  as estimated from r e s i s t i v i t y  measure- 

ments, assuming constant mobili ty,  and assuming a complementary 

e r r o r  func t ion  d i s t r i b u t i o n  f o r  t h e  d i f fused  Zn atoms i n  t h e  GaAs .  

This corresponds t o  base shee t  r e s i s t a n c e s  of 500-2000 ohm/cm . A 
curve t r a c e r  p l o t  of t he  p-n base-collector j unc t ion  voltage-current 

c h a r a c t e r i s t i c  is  shown i n  Fig. 1. The forward c h a r a c t e r i s t i c  is  

of t h e  form 

2 

0 

2 
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R E V E R S E  F O R W A R D  

Vce = 
- 
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2 VOLTS/DIV  0 . 5  VOLT/DIV 

Fi,g. 1 Typical GaAs collector-base characterist ic .  

Note the change i n  sca les  in going from forward to  reverse. 
(Transistor TR-8-A-1) 



where 1 .8q<2 .2 .  The reverse  c h a r a c t e r i s t i c  follows a power l a w  

dependence (before breakdown) 

IC = B$ BC 

where 1.5<N<2.0. 

Figure 2 shows a t y p i c a l  t r a n s i s t o r  s t r u c t u r e .  Af te r  t h e  Zn 

d i f fus ion  t h e  c o l l e c t o r  and base regions are exposed by selective 

e tch ing  i n  5% bromine-methanol and concentrated HC1 respec t ive ly .  

Also t h e  emitter is  etched down t o  1-2 microns with bromine- 

methanol t o  remove any compensated su r face  l aye r s .  Contact t o  t h e  

c o l l e c t o r  is made wi th  a Sn dot  alloyed a t  350°C while an In-1% Zn 

dot alloyed a t  280°C makes contac t  t o  t h e  p-region. 

contacted with a pure I n  dot alloyed a t  300°C. 

cesses use 2-10% HC1 gas i n  H as a f lux .  

are made by contac t ing  the  alloyed do t s  with tungsten probes. 

Successful contac t  t o  0 .1  urn base  regions has  been made by t h i s  

method. 

The ZnSe is 

A l l  contac t  pro- 

E l e c t r i c a l  measurements 2 

2.2 E m i t t e r  Base I-V Charac t e r i s t i c s  

"he t h e o r e t i c a l  band s t r u c t u r e  of an npn ZnSe-GaAs t r a n s i s t o r  

Also shown are i n t e r f a c e  b iased  f o r  opera t ion  i s  shown i n  Fig. 3. 

states, t r a p s  i n  t h e  ZnSe, and t h e  var ious  de fec t  emitter cu r ren t  

components which r e s u l t  from t h e  i n t e r f a c e  states and t r a p s .  The 

emitter cu r ren t  is  dominated by space-charge flow a t  moderate in- 
3 j e c t i o n  levels s i n c e  t h e  ZnSe r e s i s t i v i t y  i s  never lower than 10 

ohm-cm. Traps i n  t h e  ZnSe inf luence  t h i s  type of cu r ren t  flow very 

s t rong ly  and cause t h e  cu r ren t  t o  have var ious  vol tage  dependences 

(Hovel and Milnes 1968). 

as capture  cen te r s  f o r  e l ec t rons  which then tunnel  i n t o  i n t e r f a c e  

states t o  recombine. A s  t he  emitter cu r ren t  approaches t h e  i n t e r -  

face ,  w e  may p o s t u l a t e  t h a t  i t  s p l i t s  i n t o  t h r e e  major components. 

They are (1) the  i n t e r f a c e  state recombination cu r ren t  J (2) t h e  

capture-tunnel cu r ren t  Jr, and (3) i n j e c t e d  cu r ren t  Jn. 
t h i s  i n j e c t e d  cu r ren t ,  

A t  o r  near t h e  i n t e r f a c e  t r a p s  can serve 

S' 
It is  

which provides f o r  t r a n s i s  t o r  a c t i o n ,  Jn 9 

4 



10 m i l  Sn 10 m i l  In-1% Zn 10 m i l  I n  

13 -3 n = l o l o  - 10 c m  

p GaAs Diffused Base 
0 . 1 - l p m  

Fig. 2 A t y p i c a l  t r a n s i s t o r  s t r u c t u r e  produced by 
selective e tch ing  and a l loy ing  metal dots .  

5 



Zn S e  
Eg,*= 2 .68  e V  

Fig. 3 Energy band diagram of an nZnSe-pGaAs-nGaAs transistor 
biased for emitter injection and collector collection. 
The large discontinuity in the valence band, AEV, prevents 
significant hole injection into the ZnSe. Also shown are 
the postulated components of emitter current. 

6 



provided t h a t  t h e  base  width and base l i f e t i m e  are such t h a t  

s i g n i f i c a n t  e l e c t r o n  recombination does not  occur i n  t h e  base. 

Typical forward emitter-base log I versus V c h a r a c t e r i s t i c s  

a t  298°K are shown i n  Fig. 4. The c h a r a c t e r i s t i c s  resemble 

exponentials,  bu t  t h e  change i n  s lope  and cu r ren t  magnitude ( a t  

any given vol tage)  with temperature is  much less than t h a t  theo- 

r e t i c a l l y  expected. 

concentration a t  t h e  i n t e r f a c e ,  given by 

Js, Jr, o r  J , should depend on t h e  e l e c t r o n  n 

'int 

where n i s  the  e l e c t r o n  

deple t ion  region, and AV 
0 

(3) 

concentration a t  t h e  bulk edge of t h e  ZnSe 

is  defined i n  Fig. 3 (Hovel and Milnes 1968). 

It the re fo re  appears t h a t  r e l a t i v e l y  temperature i n s e n s i t i v e  space- 

charge cu r ren t s  i n  t h e  bulk ZnSe dominate and completely mask out  t h e  

t r u e  junc t ion  c h a r a c t e r i s t i c .  Such behavior w a s  found wi th  ZnSe-Ge 

devices and is  indeed t o  be expected with ZnSe resistivities of 103 

ohm cm (Hovel and Milnes 1968). 

on log-log scale, t h e  curves i n  Fig. 5 r e s u l t .  These curves show a 

high power l a w  reg ion  followed by a break i n t o  a low power l a w  region. 

One explanation of t h e  high power l a w  region is  t h e  f i l l i n g  of t r a p s  

i n  t h e  ZnSe d i s t r i b u t e d  over a wide energy range (Rose 1955, Hovel 

and Milnes 1968). Although t h e  curves are f o r  ZnSe grown upon (100) 
o r i en ted  G a A s ,  s i m i l a r  r e s u l t s  are obtained f o r  ZnSe on (111)B 
or ien ted  G a A s .  

I f  t h e  d a t a  of Fig. 4 are rep lo t t ed  

The reverse emitter-base voltage-current c h a r a c t e r i s t i c s  obey 
a power l a w  r e l a t i o n s h i p  - _  

If9 
'ER = B V ~ ~ ~  

where B depends s l i g h t l y  on temperature b u t  no t  on vol tage  and 3.5<N<4.5. 

Typically,  t h e  reverse cu r ren t  w a s  lom6 amperes a t  10 v o l t s  reverse 

vol tage .  
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Fig. 4 nZnSe-pGaAs emitter-base character is t ics ,  

The s tra ight  l i n e  indicates an exponential dependence of 
current with voltage, but the fac t  that the slope, A 
does not change much with temperature suggests a space char e 
mechanism i n  the ZnSe (103 ohm-cm) . The growth was on (loo? 
RaAQ 1in.f t TR-12-f-3.  0 
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0.4 O e 6  0.8 1.0 1.5 2.0 '.3.0 0.2 
APPLIED FORWARD VOLTS 

Fig. 5 nZnSe-pGaAs emitter-base characterist ics  of Fig. 4 replotted on 
log-log sca le .  

A high power law dependence followed by a low power law dependence i s  
obtained suggesting space charge flow with considerable trapping action 
i n  the ZnSe. 



2.3 Trans is tor  E l e c t r i c a l  Charac t e r i s t i c s  

Trans is tor  ac t ion  i n  ZnSe-GaAs npn s t r u c t u r e s  provides an 

i n d i r e c t  means of observing the  heterojunct ion current  mechanisms 

masked by space-charge e f f e c t s  i n  t h e  emitter-base c h a r a c t e r i s t i c s .  

Experimental r e s u l t s  are presented i n  Figs.  6 and 7 and 

important physical  parameters are l i s t e d  i n  Table 1. The e f f e c t s  

of these  parameters on gain w i l l  be  discussed. 

Table 1 

Parameters of Several  nDn ZnSe-GaAs Trans is tors  

Approx. Base 
Base E l e c t r i c  F ie ld  ZnS e 

G a A s  Width A t  E m i t t e r ,  R e s i s t i v i t y  
Trans is tor  Orientat ion pm Volt s / Cm Ohm-Cm 

TR-5A-1 (111) B .5 470 lo4  
TR-5B-1 (111) B .2 510 lo5 

TR-17-A-1 (111)B .4 510 lo4 

4 
5 

TR-8A-1 (111) B .4 510 5x10 

TR-16-C-H (100) . 3  850 5x10 

2.3.1 I n j e c t i o n  Level 

Typical common-emitter c h a r a c t e r i s t i c s  are shown i n  

Fig. 6 f o r  high and low level in j ec t ion .  

s lope occurring a t  t h e  highest  i n j e c t i o n  l e v e l s  is due t o  base width 

modulation effects. 

o r  8 ,  increases with increasing i n j e c t i o n  l e v e l .  The v a r i a t i o n  of 

gain with emitter cur ren t  is shown i n  Fig. 7.  Gain increases  a s  a 

f r a c t i o n a l  power of t he  emitter cur ren t  o r  is d i r e c t l y  proport ional  

t o  it. 

(Hovel and Milnes 1969b) and explained by considering e f f ec tp  of t he  

defec t  cur ren ts  J and J on gain.  The f r a c t i o n a l  power dependence 

can be t raced t o  J 

region t o  reach the  in t e r f ace .  The dependence proport ional  t o  

The increasing p o s i t i v e  

hfe Note t h a t  t h e  common-emitter current  gain,  

S i m i l a r  behavior has been observed i n  ZnSe/Ge t r a n s i s t o r s  

r S 
when e lec t rons  tunnel through the  ZnSe deplet ion r 

emitter current  may be  due t o  J when e l ec t ron  capture dominates 
S 

10 



at  t h e  in t e r f ace .  The kinks i n  t h e  l i n e s  are probably due t o  

changes i n  de fec t  mechanisms as emitter cur ren t  is increased. 

2.3.2 E f f e c t  of ZnSe R e s i s t i v i t y  

ZnSe r e s i s t i v i t y  e f f e c t s  on ga in  can be seen i n  comparing 

TR-5A-1 and TR-17-A-1 t o  TR-5B-1 and TR-8A-1 where t h e  ZnSe 

r e s i s t i v i t y  is  much l a r g e r  f o r  t h e  last two quoted t r a n s i s t o r s .  

Gain is  from 5 t o  50 t i m e s  h igher  (at t h e  same emitter cu r ren t  

d e n s i t i e s )  i n  h igher  ZnSe r e s i s t i v i t y  t r a n s i s t o r s .  A more s t r i k i n g  

example of t h i s  behavior can be seen i n  t h e  (100) t r a n s i s t o r  

TR-16-C-H which showed absolu te ly  no t r a n s i s t o r  ac t ion  with ZnSe 

r e s i s t i v i t y  of lo4 ohm-cm bu t  d i d  show a ga in  of 2 when t h e  ZnSe 

r e s i s t i v i t y  w a s  increased t o  5x105 ohm-cm by hea t ing  t o  inc rease  

t h e  Zn vacancy-compensation of donors. 

ZnSe resistivities is  a t t r i b u t e d  t o  a decreasing tunnel component 

of J 

ZnSe r e s i s t i v i t y  (Hovel and Milnes 1969b). 

Higher gain a t  h igher  

s ince  t h e  ZnSe deple t ion  l a y e r  width increases  with inc reas ing  r 

Another e f f e c t  of t h e  high ZnSe r e s i s t i v i t y  i s  a high emitter 

r e s i s t a n c e  t h a t  dominates t h e  o f f s e t  vo l tage  and s h i f t s  t h e  e n t i r e  

t r a n s i s t o r  c h a r a c t e r i s t i c  t o  t h e  r i g h t  as seen i n  Fig. 6. This is  

an unwanted e f f e c t  t h a t  must be traded-off f o r  gain,  i n  t he  present  

s ta te  of t he  he te ro junc t ion  t r a n s i s t o r  a r t  wi th  ZnSe. 

2.3.3 Base Width and E l e c t r i c  F ie ld  E f f e c t s  

Base width and base electric f i e l d  a t  t h e  emitter a f f e c t  gain. 

A parameter t h a t  is  convenient f o r  cha rac t e r i z ing  these  f a c t o r s  is 

where W is  t h e  base width, E is 

and 1-1 is  t h e  G a A s  base mobili ty 

mentary e r r o r  func t ion  d i f fused  

i n  t h e  base, E i nc reases  almost 

going from emitter t o  c o l l e c t o r  

t h e  electric f i e l d  a t  t h e  'emitter, 

nea r  t h e  emitter. 

impurity d i s t r i b u t i o n  of Zn atoms 

l i n e a r l y  by about a f a c t o r  of 5 i n  

For a compli- 

so t h a t  e l e c t r o n s  are field-aided i n  

11 - 



t r ave r s ing  the  base. 

t r anspor t  f a c t o r  w i l l  be s ince  recombination becomes less probable. 

It is  important t o  make W as s m a l l  as poss ib l e  while making E as 

l a r g e  as poss ib le .  A t y p i c a l  va lue  of ~ ~ 2 x 1 0  sec. r e s u l t s  

when W=0.5 pm, E=500 V/cm, and p=5x10 c m  /Vsec. Enough ZnSe/GaAs 

devices have no t  been f ab r i ca t ed  t o  e s t a b l i s h  f u l l y  t h e  e f f e c t  of 

t on gain.  

(gain goes t o  zero) when W>0.8 pm. 

l i f e t i m e  of 2xlO-'O sec .  

de fec t s  and s t r a i n  introduced by ep i taxy  can reduce l ifetime. 
-11 As a comparison,lifetimes of 10  

of 0.3 pm found necessary t o  see ga in  i n  double d i f fused  npn GaAs 

homotransistors (Becke e t  a l .  1965). 

The s h o r t e r  T. is, t h e  b e t t e r  t h e  base 

-11 

3 2  

However i t  w a s  found t h a t  t r a n s i s t o r  ac t ion  ceased 

This implies an average base 

This does not  seem unreasonable s i n c e  

s e c  are assumed and base-widths 

2.3.4 Or i en ta t ion  Ef fec t s  

Experimental r e s u l t s  i n d i c a t e  t h a t  t r a n s i s t o r  a c t i o n  i s  

s t rong ly  influenced by G a A s  c r y s t a l  s u b s t r a t e  o r i en ta t ion .  Tran- 

s i s t o r s  made from (111)B or i en ted  G a A s  u sua l ly  showed gains from 

5 t o  30 while s i m i l a r l y  f ab r i ca t ed  (100) o r i en ted  t r a n s i s t o r s  

showed no gain unless  t h e  ZnSe r e s i s t i v i t y  w a s  made g r e a t e r  than 

5x10 ohm-cm. The d i f f e rence  i n  t h e o r e t i c a l l y  determined i n t e r f a c e  

states f o r  t h e  two planes due t o  dangling bonds (1 .45~10 

(111) and 2 . 5 1 ~ 1 0  

explanation f o r  t h i s  behavior since t h e  d i f f e rence  is  only a 6 
f a c t o r .  

much lower than t h a t  i n  (111) material. To test  t h i s  theory slices 

of (111) and (100) n-type G a A s  w e r e  c u t  from t h e  same boule,  

polished toge ther ,  grown upon toge ther ,  and processed i d e n t i c a l l y  

i n t o  t r a n s i s t o r s .  I n  a l l  cases t h e  (111) t r a n s i s t o r s  showed gains 

from 5 t o  30 f o r  0.2-0.75 pm base  widths and res is t ivi t ies  of be- 

tween 10 and 10 ohm-cm. Again (100) t r a n s i s t o r s  showed no ga in  

unless  ZnSe r e s i s t i v i t y  w a s  g r e a t e r  than 5x 10 

most independent of emitter cu r ren t  and no l a r g e r  than 2 w e r e  

obtained from (100) t r a n s i s t o r s .  Constant ga in  i n  these  t r a n s i s t o r s  

is  predic ted  t o  be due t o  i n t e r f a c e  recombination cu r ren t s  o r  t o  

4 
12 cm-3 f o r  

cm-3 f o r  (100)) does not  o f f e r  a very p l a u s i b l e  12  

It could be  poss ib l e  t h a t  l i f e t i m e  i n  (100) material w a s  

3 5 

4 ohm-cm. Gains al- 

12 - 
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capture-tunneling cu r ren t s  occurring very near  t h e  i n t e r f a c e  

(Hovel and Milnes 1969b). 

i n t e r f a c e  are dominating t h e  i n j e c t i o n  behavior of (100) 

t r a n s i s t o r s .  

It seems t h a t  processes very nea r  t h e  
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3. HETEROJUNCTION SOLAR CELL CONSIDERATIONS 

I n  the  last qua r t e r ly  r epor t  t he  r e s u l t s  of he te ro junc t ion  

s o l a r  cel l  e f f i c i e n c y  ca l cu la t ions  were presented.In he te ro junc t ion  

s o l a r  cells the  output vo l tage  i s  r e l a t e d  t o  t h e  energy gap of t h e  

base semiconductor, namely t h e  material w i t h  t h e  smaller of t h e  two 

15 



energy gaps. 
primarily as a window to photons of energy less than its band gap. 
The advantage of the heterojunction cell is that this window layer 
may be proportioned in thickness and doping to minimize the lateral 
resistance losses in the cell. 

The semiconductor with the larger energy gap acts 

The calculated values obtained show that heterojunction solar 
cells can be hoped for with efficiencies, no, comparable to or even 
greater than the efficiencies obtainable with Si or GaAs homojunction 
cells. The treatment used, however, neglects junction interface 
recombination. 
solar cells, since few acceptable structures have been made for 
study . 

This is a relatively unknown factor in heterojunction 

The theoretical results with this proviso, show that nZnSe-pGaAs 
heterojunction solar cells should be capable of greater than 13% 
efficiency. This compares with about 10.5% for GaAs and 12% for Si 
homojunction cells, calculated on a similar basis. These values do 
not include the effects of built-in drift fields on cell performance. 
In practical Si cells this raises the measured performance to above 
13%. A comparable improvement in nZnSe-pGaAs cells might be expected 
by the provision of a built-in field in the GaAs base region. 

The output voltage of a ZnSe-GaAs cell at optimum load power is 
calculated to be in excess of 0.8 volts and the voltage decline 
between zero and full load power is 12%. 
better than for Si homojunction cells, for which the load voltage 
may be about 0.5 volts and the voltage regulation about 20%. 

more the ZnSe-GaAs cell should have an advantage over Si cells in 
performance at high temperatures, since the energy gap of GaAs is 
greater than that of Si. 

Both of these values are 

Further 

GaP-Si heterojunction cells were also found to be interesting, 
although the expected efficiencies of about 10.5% are a little lower 
than for Si cells. 

As an alternative to the above, we have also considered an 
approach in which a hetero-semiconductor face covers a GaAs np 
homojunction cell. This offers the following features: 
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(a) The wide band-gap hetero-semiconductor acts as a window that 
admits photons of energy less than Egl. 
between Eg and Eg2 (1.45 eV) then create carriers in the 
GaAs homojunction. The wide-gap layer can be quite thick 
to provide a lower internal cell resistance than can be 
achieved with homojunction cells. 
mils thick it may provide inherent radiation resistance. 
The lower internal cell resistance made possible by the 
heteroface contact should allow the adjacent GaAs layer to 
be redesigned to be more lightly doped and therefore perhaps 
higher in diffusion length and so a better collector of the 
photo-induced carriers. The role of the built-in fields in 
the junction region would also be studied in the course of 
this redesign. 

Those of energy 

1 

If the layer is several 

(b) 

__  -- - 
(c) The nn type interface between the hetero-semiconductor and 

the GaAs should have a recombination velocity substantially 
below the value of 10 cm sec-' that seems usual for a GaAs 
surface. This expectation is inferred from the performance 
of GaPIGaAs and Ge/GaAs junction interfaces as photo-collectors 
and from the performance of nn abrupt and graded junctions. 
However direct evidence on nn behavior in GaAs heterojunctions 
is not very extensive, and the matter would certainly be a 
question for study. 
Reduction of the surface recombination losses below that of 
conventional GaAs solar cells is however an improvement to 
be hoped for in this approach. 
suggest that the efficiency of a GaAs homojunction cell 
would be raised from 10.5% to 15.5% if the surface recombina- 
tion velocity could be decreased from 10 cm/sec to 10 cm/sec. 
However, if this surface recombination velocity control is 
obtained by providing a hetero-semiconductor face of GaN' or 
GaP as the wide-gap semiconductor, then the obtainable 

efficiency reduces from 15.5% to 15% or 13%, respectively, 
by absorption l o s s  in the window material. 

5 

Preliminary calculations 

5 3 

17 



(d) When t h e  he te ro junc t ion  i t s e l f  is  nn o r  pp, i t s  electrical  per- 

formance is  no t  as c r i t i ca l  as it would be  i f  i t  formed the  np 

junc t ion ,  on which t h e  s o l a r  ce l l  c o l l e c t i o n  e f f i c i e n c y  hinges.  

A recent  example of t h e  use of a he te ro junc t ion  as a pp 

s t r u c t u r e  is t h a t  found i n  nGaAs-pGaAs-pAl G a  As  i n j e c t i o n  

lasers. Here t h e  he te ro junc t ion  b r ings  about a confinement 

a c t i o n  t h a t  has  g r e a t l y  

dens i ty  of such lasers. 

For the  hetero-semiconductor s t u d i e s  a wide band-gap material 

.5 .5 

improved t h e  300°K threshold cu r ren t  

is requi red  wi th  good doping and contact technology, and p re fe rab ly  

a la t t ice  and expansion-coefficient match t o  GaAs .  There are a 

number of p o s s i b i l i t i e s  e.g. GaN, AlGaAs,  GaP etc., t h a t  w e  be l i eve  

should be explored. 

4. LOW TEMPERATURE GROWTH OF GeON G a A s  BY I O D I N E  TRANSPORT 

During t h e  qua r t e r  we continued our s t u d i e s  of iod ine  t r anspor t  

of G e  t o  f a b r i c a t e  pGe-nGaAs s t r u c t u r e s .  

The series of p-type G e  growths made at  4OOOC using t h e  i n v e r t i n g  

seed holder  and repor ted  earlier were diced a f t e r  lapping o f f  a s m a l l  

amount of G e  which grew on t h e  rear of t h e  slice. 

then masked and etched, and do t s  alloyed i n t o  both t h e  exposed GaAs 

su r face  and i n t o  t h e  G e  mesas. As had been done previously,  a 

tungsten probe contact d i r e c t l y  t o  t h e  mesa was  used t o  pass cur ren t  

through t h e  device and a probe contac t  t o  t h e  m e s a  a l l o y  do t  was  

used as a p o t e n t i a l  probe. 

served as r e t u r n  f o r  both t h e  cu r ren t  and p o t e n t i a l  probes. 

from one run (H123) showed a near  ohmic charac te r  i n  a l l  of several 

diodes made on d i f f e r e n t  d i c e  and w e r e  t he re fo re  eliminated. Devices 
from two o t h e r  runs showed good probe-plotted V-I c h a r a c t e r i s t i c s  a t  

~ X X U  temperature. 

~ r e v i o u s l y  shown a room temperature value q=1.1, were probe 
p l o t t e d  a t  dry i c e  temperature and H113-1 a t  l i q u i d  n i t rogen  

temperature as w e l l -  The r~ values obtained are given i n  t h e  
t a b l e  below. 

These d i c e  w e r e  

A probe contac t  t o  t h e  GaAs  a l l o y  dot  

Devices 

These two, along with device H113-1 which had 
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Table 2 

n Values of Several D-Ge/n-GaAs Heterodiodes 

Probed Chip Device Header Mounted Device 

Device 300°K 194°K 77°K 300°K 194°K 77 O K  

H113-1 1.1 1.4 3.3 1.8 3.2 4.3 

H124-2 1.3 3.2 - 1.5 4.6 - 
H125-3 1.0 2.5 - 1.1 3.5 12 

While t h e  va lues  of 11 at room temperature are near  un i ty ,  t h e  

l i n e a r  por t ions  of curves p l o t t e d  a t  d i f f e r e n t  temperatures on s e m i -  

l o g  paper are nea r ly  p a r a l l e l .  

tend t o  i n d i c a t e  t h a t  t h e  observed cu r ren t  i s  not  due only t o  

carriers being exc i ted  over a p o t e n t i a l  b a r r i e r .  

This l a t te r  p iece  of evidence would 

A l l  devices had an excessive amount of series re s i s t ance ,  even 

a t  room temperature. 

a second contact alloyed t o  t h e  germanium mesa and a l a r g e  area 

contac t  t o  t h e  rear of t h e  GaAs subs t r a t e .  Measurements w e r e  made 

on t h e s e  devices using t h e  new con tac t s  t o  make two cu r ren t  contac ts  

and a sepa ra t e  set of two p o t e n t i a l  contac ts .  These measurements 

y ie lded  11 values  which were considerably poorer than those  obtained 

from unmounted devices. 

varies considerably with decreasing temperature i n  an unsystematic 

manner. 

They were the re fo re  mounted on headers wi th  

The s l o p e  of t hese  new c h a r a c t e r i s t i c s  

The i n i t i a l  suspected source of t h i s  degradation w a s  su r f ace  

contamination of t h e  junc t ion  r e s u l t i n g  from processing opera t ions  

i n  mounting. 

by wax masking and chemical etching. 

c h a r a c t e r i s t i c s  observed w a s  a reduction i n  cu r ren t s  propor t iona l  t o  

t h e  mesa area etched with no r e s u l t i n g  change i n  cu r ren t  dens i ty .  

o rder  t o  improve i n t e r f a c e  c l ean l ines s  and junc t ion  c h a r a c t e r i s t i c s ,  

growths are now being made on f r e s h l y  cleaved G a A s  seeds. 

t h i s  no t  s i g n i f i c a n t l y  improve t h e  junc t ions ,  an apparatus is  planned 

t o  allow cleaving of t he  GaAs i n  s i t u  a f t e r  germanium depos i t ion  has 

begun. 

An attempt w a s  made t o  c lean  up these  junc t ion  sur faces  

However, t h e  only change i n  t h e  

I n  

Should 
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